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(57) Abstract 



Conductive ceramics arc useful in the con- 
struction of electrochemical electrodes that axe 
used in a wide variety of applications because of 
their inherent chemical resistance. When porous 
forms of these ceramics are employed as elec- 
trodes in even dilute corrosive solutions, corro- 
sive ionic species are caused to diffuse from the 
solutions into the porous electrode and to con- 
centrate in the vicinity of the electrical connec- 
tion by means of electromigration. The resulting 
corrosive degradation of the electrode and the 
electncalconnecUon ultimately causes electrical 
failure. The present invention uses polymers to 
impregnate the ceramic and create a barrier seal 
against the migration of corrosives into the elec- 
trode Methods for achieving such impregnation 
are d^iosed. Reference is made to the Figure 
which depicts the preferred embodiment of the 
invention. Depicted is a cross-sectional view of 
a slab of porous ceramic (1) showing infiltration 
by an amount of polymer sufficient to form such 
a barrier seal. The polymer has been infiltrated 
Uirough exterior surfaces (7) to form a polymer 
filled region (3) surrounding a polymer free re- 
gion (5) interior to the ceramic. 
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CHEMICALLY PROTECTED ELECTRODE SYSTEM 



Reference to Related Application 



This case corresponds to U. S. patent application Serial No. 08/612,561 filed March 8, 
996 which is a continuation-in-part of application Serial No. 08/060,821, filed May 10 
1 993, now abandoned. 



Background of the Invention 



This invention relates to improved ceramic electrodes and more particularly to the 
chem.cal protection of ceramic electrodes by coating and infiltrating with polymers. 

Background-Description of the Prior Art 

TvZ^K ° f H C ° mP0Site iS th3t WWCh C ° mblnes ceramics ^ Polymers. 

loZl ed " y C6ramiC P °' ymer C ° m P° nents •» combined in 

~ T 9 ' imP ' 0SiVe C ° mpaCti0n ' ° r ° th9r form of P~—ng. 
U. S. patent 4,146,525 to Stradley discloses a composite material formed by low 

temperature fusing of finely divided ceramic powders and a powdered polymer such 

as epoxy. US. patents 4,726,099 and 4,933,230 to Card, et. al. discuss c"f 

fiber layers of p.ezoelectric ceramic that are subsequently immersed in polymer. 
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U. S. patent 5,109,080 to Wang, et. al. discloses an optically transparent composite 
formed from a combination of refractive index-matched ceramic and polymer. The 
composite material is formed by sol-gel synthesis of a metal alkoxide and an 
alkoxysilane polymeric component. In contrast to these methods of forming 
ceramic-polymer composites, the subject of the present invention pertains to the 
polymer impregnation of the porous structure of a previously formed ceramic article. 

In the formation of ceramics that preclude the initial combination of ceramic and 
polymer materials, impregnation of bulk porous ceramic with the polymer must 
indeed be pursued. Recently, Vipulanandan, et. al. 1 have successfully fabricated a 
thermoplastic polymer (polymethylmethacrylate) impregnated ceramic. The uncured 
polymer had a viscosity less than that of water and was simply "poured into" the 
ceramic. The ceramic was a high temperature superconductor and impregnation 
was for the purpose of increasing the mechanical strength of the ceramic. Low and 
Lim 2 have impregnated a YBa 2 Cu 3 07. x superconductor using an epoxy resin with 
curing agent. A thesis by Lim 3 discusses the protection afforded by the epoxy to 
aqueous phase decomposition of the ceramics in water, acid or alkali. The work of 
Vipulanandan, et al. and Lim and Low does not address the impregnation of 
ceramics of small pore size. Their work does not make use of impregnation liquids 
having high viscosity. In many applications, the salient feature of the impregnation 
liquid may be resistance to chemical attack and low viscosity versions of these 
liquids may be unavailable. 

U. S. patent 4,892,786 to Newkirk discloses a method of making a composite 
material by reacting a molten metal with an oxidant to form a porous non-sintered 
ceramic and then infiltrating the ceramic with a polymer. Newkirk teaches a polymer 
infiltration process used with this non-sintered ceramic having a mean pore size on 
the order of 25 microns. The ceramic was first surrounded with polymer liquid then 
iteratively exposed to one half atmosphere of air pressure in an effort to withdraw air 
entrapped within the ceramic and then one atmosphere of air pressure to cause 
infiltration of the polymer into the ceramic. There are a number of reasons why the 
method disclosed by Newkirk will in general not be applicable in the case of viscous 
polymer-forming liquids with ceramics having small (microns or smaller) or even 
moderate pore sizes (tens of microns). The reasons are both physical and 
chemical as described next. 
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Poiseuille's equation 

Q/A = (*4p/8nS) Id" 



where Q / A . the volumetric flow rate per unit area of material, op is the pressure 
drop across the slab of materia,. „ is the liquid viscosity. 6 is the L thickness Tnd 
d, represen s the individual pore diameters within the area A. As is 
above equaflon flow rate a. a given pressure is proportional to the fourth power of 
pore d,ame,er. Therefore, ceramics with small pore sizes require exireme 
overpressures to achieve impregnation in reasonable times. As an example usino 
a po^mer-forming liquid with a relatively low viscosity of 200 centipoises ,o 9 
.mpregnaflon of a centimeter thickness of ceramic having a mean pore diameter of 1 

hT;«r Trr ,o 1500 psi ° f pressure ,o 

Stan Lt!7' V ' SC0S " y 01 m ° S ' P"*"**™** '^uids will require 

s,gn ficant overpressure to achieve impregnation of moderate pore size ceramics in 

praCca, manufacturing timeframes. Additionally, for curing tlniques hi ele e 

e polymer precursor and ceramic temperatures, residua, air ,ha, would rema n 
he ce am,c ,n the process disclosed by Newkirk would ultimately cause oozing o^ 

SuXeT 7 POr ° Si,y ' ™ S WOUW bS CaUSSd * e *" a ™°" °< — PPed air 
Such restdual a,r can also cause seconder porosity as air bubbles migrate to 

external ceram.c surfaces and form channels within the polymer Other 
contaminants are adsorbed into the surface of the ceramic and may require heating 
or remove An example is tha, of water which is adsorbed by mos metal oxi e 
ce am,cs ; ,f the adsorbed water is no, removed i, can interfere with the polymer 
acWaang agenu. Finally, the overpressure should be provided by a -chemically 
mert gas. Th,s would not necessarily be a noble gas such as argon, but a gas that 
would no. react with the polymer or the ceramic host - for example dry nitrogen may 
be acceptable for many sifua.ions. An exampfc of the deleterious effects caused by 
a ch«m,ca l y acve pressurizing gas is the improper curing of polymer precursors 
such as polyester formutations. Many bfthese use oxidizing activators: hence 
premature cunng will ensue as the polymer precursor is exposed to oxygen if the 
pressurizing gas is air. ,M 

eZir Ca ?T " CeramiCS * ha ' iWi,e ,He U5e 0f ^Ptegnaflon are 

electncally conducflve (EC) ceramics used in electrode applications^ Electrically 
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conductive ceramic electrodes are applicable to magnetohydrodynamic (MHD) 
systems, fuel cells, electro-remediation of soils and groundwater, batteries, cathodic 
protection systems, electrostatic discharge systems, and electrochemical cells. 
Electrochemical cells are useful in the chemical breakdown of compounds, 
electrolysis; the refining and production of metals, electrowinning; creation of 
compounds, electosynthesis; and the separation of chemical species in aqueous 
solution; electrodialysis. A prime motive for the selection of ceramic electrodes for 
use in electrochemical cells is the improvement in corrosion resistance offered by 
these materials over metals and carbon. An example of one such chemically 
resistant ceramic is variable stoichiometry titanium oxide. Given the relative 
chemical resistance of such sintered ceramics, porosity of these materials remains 
problematic for many electrode applications. Migration of corrosive agents into the 
porous voids can degrade the lifetime of a given ceramic electrode. When in 
operation, the ceramic admits the influx of corrosive chemical species that may be 
present in given electrolyte solutions. Non-ionic corrosives will diffuse into the 
electrode, however corrosive ionic species, by virtue of electomigration can achieve 
concentrations in the bulk of the electrode materia! that are well above 
corresponding concentrations in the electrolyte external to the electrode. The 
tendency for these ionic species to concentrate (due to electromigration) in the 
proximity of the metal conductor connection to the ceramic electrode can 
dramatically reduce the lifetime of the electrical connection. Furthermore, high 
concentrations of the ionic corrosive in the bulk of the ceramic electrode can 
degrade the chemical and structural integrity of the ceramic. It is a purpose of the 
present invention to provide chemical protection to porous ceramic electrodes by 
means of impregnating materials in order to significantly extend the operational 
lifetime of this class of electrodes. 

Prior art methods for providing electrodes in general with improved chemical 
resistance include physical-chemical treatment of the electrode surface, chemical 
treatment of the electrode bulk material, and the use of EC ceramic or polymer 
coatings. U. S. patent 4,435,313 to Katz, et. al. discloses a method of 
manufacturing an electrode having a titanium base with intermediate protective 
polymer coatings and an exterior manganese or lead dioxide coating. U. S. patent 
4,314,231 to Walty discloses an electrode comprising a conductive mesh bonded to 
an electrode, the entirety of the geometry coated with a conductive polymer. U. S. 
patent 4,017,663 to Breault describes a pyrolytic carbon coated, hydrophobic 
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cell. The free radical* „r .h==. ■-. . 0de com P a "raent of the 

-fcw, . 56 aC ' dS exisl as anions in aqueous solutions and 

elect om, gra e toward the anode. There are certain combinations of these adds in 
which no metal will survive as an anode for more than a few weeks da« o Z . 
depending upon the combination and concentration of the aTs P^Z , h \ 

stmpe chromate conversion coating bath for aluminum. The P H of the bathl 
~d a range between 17 , 0 , 9 ^ P ° « 

ba* s used Additionally, I, is common for meta, finishing shops to use ofab e 
water for „ns,ng operations and makeup water in the baths due to the water In,. 

~°r:c 9 work r ,he ba,h - ™ s wa,er ~ -^ii. 

pres'enr Thi^ k cire ^^nces, a mixture of hydrochloric and nitric acids is 
present. This comb,na.,on. known as aqua regie, dissolves gold and other precious 



In addition to this corrosive combination, the fluoride ion is present the most 
electronegative and hence strongest oxidi 2 er known to man Fluorine compounds 
are Widely used as mixed ca,a,ys,s in chrome p.ating baths. TheTo^TonTs 
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introduced in chromate conversion baths by use of the catalyst ammonium 
silicofluoride. As an example of the vigor with which these baths attack electrodes, 
platinum-clad niobium anodes can be destroyed in two weeks at current densities of 
160 milliamps/ in 2 . 

Conductive ceramics such as variable stoichiometry titanium oxide will survive in this 
environment much longer than metals as long as the concentration of hydrofluoric 
acid remains below 2 percent. This material will also resist phosphoric acid attack 
as long as the acid solution is not boiling and remains unconcentrated. Experiments 
conducted with polymer impregnation of only a region of a variable stoichiometry 
titanium oxide anode immersed in a chromate conversion solution have resulted in 
destruction of the unprotected regions of the variable stoichiometry titanium oxide. 
Again, the porosity of the variable stoichiometry titanium oxide allows 
electromigration concentration of hydrofluoric acid from the dilute solution 
surrounding the ceramic to levels exceeding 2 percent within the ceramic. 

The sintered version of variable stoichiometry titanium oxide is about 20 percent 
porous by volume. Since an electrode fabricated from variable stoichiometry 
titanium oxide is not perfectly conducting, there will be a voltage drop between the 
ceramic to metal conductor interface and the ceramic surface of the electrode 
immersed in electrolyte. An electric field gradient will exist within the porous interior 
of the electrode due to current flow from the electrode circuit connection to the 
electrode's interface with the electrolyte. Such a field gradient will act as an ion 
pump causing the migration of highly corrosive acid anions through the body of a 
ceramic anode to the most electropositive part of the anode. This most positive 
region will in fact be the electrical connection to the ceramic. This connection will 
then be dissolved or corroded and ultimately cause electrical failure. Even 
nonporous EC ceramic electrodes can succumb to corrosive ions in the surrounding 
electrolyte. This can occur in the case of a partially immersed electrode in the 
region of the electrode where there is a gas-liquid interface. Again, electromigration 
concentration of ions can occur at this Interface in the surround of the electrode and 
significantly alter the pH of the electrolyte in this region. A protective polymer coating 
of the electrode in this region can prevent degradation of the electrode in areas of 
elevated ion concentration. 
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The benefit of polymer impregnation of EC oeramics eleotrodes is twofold Firs, 
many ceram.c compositions .ha, succumb to elevated ooncen.rations of 
ao,ds oan be protected by a polymer fining agent tha. prevents electa! ' 
concentration Second, the ulfimate destiny of e,ecttl gratln £ T ^, of 
the electncal connection ,o the electrode. „ is here that ,hey achieve the hiqhesT 
concentrafion and where a metaltic interface exists which is most sus p,,^ t0 
attack by these ,onic species. A poiymer filling agent acts as a phys^^ 
between these ions and the metallic connection to the electrode 

Prior art does not disclose a means of impregnation of EC ceramic articles havinn 
ar itranly small pore sizes. Furthermore, impregnation of EC ceram ^s n o 
polymers that have sufficient chemical resistance for aggressive e WrochZi , 
applications requires steps no, previous* disclosed. The prio ^art dot no, dSose 
a means of impregnation of a porous ceramic etectrode vl a po'yme Disclosure 
opoyntenc coating of specific regions of solid EC ceramic electrodes forme 
purpose of stavmg off chemical attack is no, present in the prior art. 

Summary of the Invention 

Ihemi^r' 'T" 0 ", 15 direCted 10 3 meth ° d °' impr0Vi "9 lhe m -"-ica, and 
conlT I C ° ndU0,iVe ° eramiC e ' eC,r0des and »* ^Crica, 

ZZJln ' °' C ° ndUC,iVe CeramiCS and ~ have been 

developed otfenng a range of conductivities and other properties. Electrodes 

made of pomus varieties of these ceramics have an inherent weakness t thm the 

porous vo,ds of the ceramic allow infiltration by any corrosive chela, s ec e hat 

are ,n the ,mmedia,e environment of the electrode. Modestly reactive hemica, 

eX g s ,:r; od , e th ; in,erior of such e,ec,rodes ^ 

lead ng to chem,cal and mechanical failure. A further disadvantage o, porous 

est* r r di,uie corrosives can beo — c ° n " < 

etectrode by the phenomenon of electtomigra.ion concentration. Such migration will 
adversely affect not only the bulk o, the electrode bu, also the ultimate desthafiZ 
the migrating corrosives, the electrical oonnecion. One embodimen , of th ™ 

88 th , inffl,ra,ion of ceramic e,ec,rodes ha * n9 

porostty wrth polymenc formulations that are chemically resistant and can withstand 
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the challenge of a corrosive environment. A further embodiment of the invention 
includes polymer encapsulation of the electrode electrical connection. 

Even nonporous conductive ceramic electrodes that have relatively good chemical 
resistance can be adversely affected by corrosives given the voltage gradients that 
can exist in operational settings. A case in point is an electrode that is connected to 
a source of voltage and that is partially immersed in a chemically active solution. In 
this case, electromigration concentration of corrosive species can occur at the 
"waterline" in the fluid surrounding the electrode. This can cause the electrode not 
only to lose its conductivity in the region of the waterline, but also to be cut apart at 
the waterline by the action of such increased corrosive concentration. An 
embodiment of the present invention protects relatively nonporous conductive 
ceramics by selective coating of such electrodes with chemically resistant polymers 
to prevent degradation of the electrode in regions likely to experience increased 
corrosive concentration. 

Impregnation of the ceramic electrodes with polymeric materials can be achieved by 
one of four methods. In the first, a chemically resistant polymer is dissolved in a 
solvent forming a solution having a high solute percentage. This solution can be 
infiltrated in various ways into the porous ceramic and the solvent caused to 
evaporate leaving a polymer coating deposited within the ceramic. 

In a second method, impregnation of the interconnected porosity of the ceramic is 
achieved using a solid polymer-forming liquid. The process of impregnation includes 
evacuation of the pores of the ceramic by vacuum and potentially thermal means, 
pressurized infiltration of the ceramic with a solid polymer-forming liquid, and 
subsequent curing of the liquid in situ to form a solid polymer component. 

The use of molten thermoplastic polymers comprises yet a third method. Once 
evacuation of the ceramic pores is achieved, pressurized infiltration of the surface 
region of the ceramic by the molten thermoplastic is accomplished. The resulting 
thermoplastic coating of the electrode penetrates to some depth within the porous 
ceramic. After the thermoplastic coating is allowed to harden, enough of the 
thermoplastic is removed by machining to expose a ceramic surface having plastic 
filled voids. 
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In a final method, the polymer is electrodeposited within the voids of the ceramic 
The molecular species of many polymers are polar and as a result can be caused to 
electromigrate under the influence of a voltage gradient in the same way the ionic 
corrosives do. This fact can be exp.oited in the e.ectrodeposition of such polymers 
into the interior of a porous EC ceramic electrode. 

The chief objective of such polymer infiltration is to alter the chemical resistance of 
host ceramic electrode. Side benefits can include improved durability to frictional 
wear and improved mechanical strength. 

Special consideration is given to the category of porous sintered ceramics formed 
from conductive compounds. These can be used as electrode materials in corrosive 
env,ronments if the porosity is sealed off by a chemically inert polymer and surface 
processing allows the external surface of such impregnated ceramics to maintain 
electrical contact with the intended operational environment. 

The following terminology is used in the specification and the claims. Definition of 
this terminology serves to clarify the invention as disclosed and claimed herein: 

"Solid polymer-forming liquid" is defined as one of three categories of liquids that 
can be processed to form a solid polymer; the first category is that of a polymer 
precursor that is cured to solid form by polymerization reactions, the second 
category is that of a solution of solid polymer dissolved in solvent that produces a 
solid polymer by evaporation of the solvent component, and the third is that of 
molten thermoplastic polymers. 

"Conductive ceramic" refers to electrically conductive ceramics that are (a) single 
chem.cal compound electrically conductive ceramics, or (b) doped ceramics that 
include conductive dopants such as rare earth metals, or (c) composite ceramics 
that include more than one chemical compound. 

"Polymer protectant" refers to a polymeric material used for the purpose of creating 
a phys.cal barrier between electrically conductive ceramic material and corrosive 
ionic species present in the solution that surrounds an electrically conductive 
ceramic electrode in its operational environment. 
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"EC ceramic electrode" refers to an electrode that is constructed so that an 
electrically conductive ceramic is in contact with the intended electrochemical 
environment of the said electrode. This includes electrodes that comprise metal 
substrates coated with electrically conductive ceramic coatings or electrodes that 
are made completely from one or more electrically conductive ceramics with the 
exception of the electrical connection to the electrode. 

"Contents of porous voids" refers to gases such as air contained within the pores of 
a porous electrically conductive ceramic as well as adsorbed impurities such as 
water found on the ceramic interface to such voids. 

"Vacuum" refers to a pressure level significantly below atmospheric pressure. 

"Overpressure" refers to a pressure level significantly above atmospheric pressure. 

"Chemically inert gas" is defined as a gas that has no significant chemical 
interaction with the ceramic or solid polymer-forming liquid. 

"Infiltration" and "impregnation" are used interchangeably to mean at least the 
partial permeation of a porous ceramic article with a solid polymer-forming liquid by 
way of the pores in the external surfaces of the ceramic article. 

"Processing" in the context of forming a solid polymer, refers either to any of a 
number of means for curing a polymer precursor to a solid polymer or to means for 
removal of a polymer solvent from a solution of polymer and polymer solvent. 

"Electrical contact" refers to physical contact for the purpose of conducting electric 
current. 



"Conductively adhered" refers to the use of an electrically conductive adhesive in 
fastening together two electrically conductive surfaces. 
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Objects and Advantages 

Several objects and advantages of the present invention are: 

IL'rXT "; eanS °' Pr0,eC,in9 SOlid etectricall V conducive ceramic 
electrodes from localized concentrations of corrosives; 

(d) to provide electricaliv conductive ceramic electrodes whicn are resistant to 
highly corrosive environments: resistant to 

(e) to provide a barrier to the etentmmiar.ti™ _„„..„,. 

y ,dl,l,n **on centra ton ot cormQ wo .!-.»-.. ^ 

species within porous electrically conductive ceramic electrodes 

c s ral P e.ec,r ri hi9hly C ° nneC,i ° n '° *««-* «ive 

ceramic electrodes in a corrosive environment. 



Brief DescripHon of the Drawings 

ESSEST* rela,ed ,i9ures have the same ~ but — 

P^mer 3 Cr ° SS - Se0,i0nal Vfew of a ">™s «""<* slab impregnated with 

inLu^on o r„T atiC ? a9ram ° f P ° IVmer impre9na,i0n P*» <° 

.ntroduction of polymer forming liquid into pressure vessel. 

FIG 2t . is a schematic diagram of polymer impregnation apparatus subseouent 
to introduction of polymer forming liquid into pressure vesset 
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FIG. 3 is a schematic diagram of polymer impregnation apparatus modified to 
include a deformable pressurizing diaphragm within the pressure vessel. 

FIG. 4a is a pictorial diagram of a polymer-forming liquid impregnated ceramic 
electrode processed to remove the surface coating of liquid. 

FIG. 4b is a pictorial diagram of the surface of a ceramic electrode that has a 
catalytic coating, is impregnated with a polymer-forming liquid, and is 
processed to remove the surface coating of liquid. 

FIG. 5a is a pictorial diagram of a conductive ceramic electrode having a metal 
connection made prior to impregnation of the electrode. 

FIG. 5b is a pictorial diagram of a conductive ceramic electrode having a metal 
connection potted in a polymer form. 

FIG. 6a is a pictorial diagram of an electrochemical cell having solid electrically 
conductive ceramic electrodes. 

FIG. 6b is a pictorial diagram providing a magnified view of a chemically 
protected electrode from the cell of Figure 6a. 



Detailed Description of the Invention 

The present invention makes use of EC ceramics and various polymers to form an 
electrode system that is robust to attack from corrosive constituents of the 
operational environment. Both porous and nonporous EC ceramic electrodes can 
benefit from protection by polymeric materials. In the case of porous EC ceramics, 
impregnation of interconnected porosity by chemically resistant polymers prevents 
internal degradation of the electrode. Solid or nonporous EC ceramic electrodes 
can be protected by coating selected regions of the exterior surface with the 
aforementioned polymers. These are regions susceptible to localized external 
concentration of corrosives caused by voltage gradients present during operation of 
the electrode. 
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Electrically conductive npr am jr S 



.he~ a T on ! T; CS T ain ^ ' han ° nS ° hemiCal C ° m >™«- ™. incudes 
me co m b,nat,o„ of EC and non-conductive compounds or the combinat,on of two or 

more EC oompounds. Doped EC ceramics comprise non- or weakry-electricalT 

Certain of the refractory metal and semi-meta! oxides, silicates, borides carbides 
and n, tndes exnibit some ^ ^ ^ ' 

ach,eve vary,ng degrees of electrical conductivity. Examples of single spades EC 

nTd"rr ra s r ides - manium and ^^:,zr 

nitr.de oarb,des of trtan.um. boron, and silicon, certain oxides of metal (e d NiOl 
as we,, as ,» m and manganese ferntesS, and iron tjtanate6 ™™*^ of 

number between 4 and 10 These cpr*mir> c • • . n 2n ' 1 ' 

d««, ' nese ceramics are surprising y corrosion resistant 

£~ons of this materia, Have mean pore sizes on I order ot ,~ ' in 

Composite EC ceramics include combinations of materials having various levels of 
■nt-macy among the chemical constituents ranging from compressed or sintered 
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mixtures to solid solutions. Examples of such ceramics include combinations of 
bismuth oxide and yttria stabilized zirconia 7 , niobium carbide and titania or 
zirconia 8 nitrides of titanium and aluminum 9 , nitrides of silicon and zirconium 10 , 
nitrides of silicon and titanium 11 , zirconium diboride and silicon carbide/carbon 12 , 
refractory oxides and indium or tin oxide 13 , zirconia solid solutions and oxides of 
neodymium, cerium, dysprosium or erbium 14 , silicon nitride and silicon carbide 15 , 
and solid solutions of strontium zirconate maganates 16 . 

Examples of doped ceramics include aluminum nitride made conductive by addition 
of transition metal oxides 17 and niobium doped strontium titanate 18 . In general, 
rare earths, because of their wide range of valence states, comprise dopants that 
are most easily incorporated into the mixed stoichiometry of many ceramics for the 
purpose of imparting electrical conductivity. 

The range of superconducting materials covers the many series of compounds 
derived from the Y-Ba-Cu-O, Bi-Sr-Ca-Cu-O. Tl-Sr-Ca-Cu-O and La-Cu-O chemical 
famines, along with numerous other variants of the cuprate and bismate materials 
that are known to have superconducting phases. These ceramics are largely 
insulating at room temperature, but transition to extremely high conductivity at 
critical temperatures near the temperature of liquid nitrogen. Commercially available 
superconducting microwave radar components and other electronic products are 
fabricated from these compounds. 

Conductive electrodes have been used in applications exhibiting a wide variation in 
the corrosive nature of the operational environment. Factors affecting the strength 
of corrosive attack upon the electrode include temperature, voltage gradients, 
current density, and the type of caustic or acidic species that are in contact with the 
electrode. The presently disclosed invention addresses the full range of corrosive 
environments sustained by EC ceramic electrodes in different applications, from 
mild to extreme. Examples of applications that span a range of electrochemical 
environments include MHD electrodes fabricated from cerium oxide doped 
zirconia 19 , yttria stabilized zirconia-indium oxide composites 20 , hafnium oxide 21 , 
and lanthanum chromate 21 ; battery electrodes that have been manufactured from 
nickel oxide 22 , silicon carbide 23 , and aluminum-alumina composites 24 ; and solid 
oxide fuel cell electrodes comprising nickel doped zirconia 25 . Electrodes can be 
formed by applying EC ceramic coatings to various substrates including metals and 
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other solid ceramics. Ceramic anodes for cathodic protection have been 
manufactured in this way. 

ChemicallY-rgRigt gnt polvmgrs 

ooZ°fc reSiS,3nt r' ymerS ^ US6fUl " ' he PreSent iwen «°" *» impregnation of 
porcus EC ceram,o eleotrodes. selective coating of the surface of the electrodes 
and encapsulation of the e,ec„ioa, connections to such electrodes. Each of These 
uses w* dtctete the range of acceptable physical properties for the polymers ha, 
wtll be employed. For instance, high levels of polymer viscosity disfavo7 

ZZ m i0 " °,' Cerami ° S aCCeP ' able f ° r °° a,in 9 ,he - infection 

mo ding the polymer around the electrical connection. The level of corrosion 

ITT T ired ° f P °' ymer be depend6nt U "° n ,he «P«* tetrode 
application. Hence, i, is understood that almost a„ polymers have some degree of 
chemical resistance and the 

scope of the present invention therefore includes the wide range of organic 
polymers and the siloxane variety of inorganic fluoropolymers. 

ZZ T ,kT ,3,<onom >' for P 0| y'"^ comprises (a) thermoplastics - resins 
ha, soften with heat and reharden upon coding, (b) thermosetting resins - liquids or 
low-me„,ng poin, solids which under the influence o, energy, catalysts, or 
accelerators are transformed into insoluble solids, and (c) elastomers - polymeric 
materials « ha, a, room temperature can be stretched a signiflcan, portion of their 
length and upon immediate release will quickly return to their original length 
Thermoplastic polymers exhibiting good chemical resistance are chlorinated 
polyether. polyvinylidiene fluoride, polyethylene, polyvinyl chloride, and chlorinated 
polyvinyl chloride. Chemically resistant thermosetting plastics include epo" 
furan res.ns. and vinyl esters. Elastomers such as chlorosulfonated polyethylene ' 
ftuoroelastomers. and polysulflde rubbers can withstand strong chemical attack as 
we The scope o, the presen, invention is no, limited to use of these compounds 
but includes other polymers .ha. have less chemical resistance. Such polymers can 
be used in electrode applications that correspond to reduced levels o, corrosive 
the T « T U ' a,i0n °' ' he Vari ° US ^^ntioned polymers is well known in 

Ts DuPon, n r' mai ° r ° 0mmerCia ' SUPP " erS °' P °* mer com <>°<"^ -ch 
as DuPont. Dow Chemical and 3M provide extensive product information and 
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application notes on the wide range of materials available. Noteworthy are the 
"designer polymers" that are now making their presence known in the marketplace. 
An example of such compounds is the category of polymers formed by controlled 
polymerization using metalocene catalysts. The various chemical and physical 
properties of these new polymers can now be fined tuned for various applications 
including implementations of the present invention. 

An example of a solid polymer-forming liquid that is a polymer dissolved in solvent is 
a solution of polyvinylidene fluoride (PVDF) in a solvent combination of methyl 
isobutyl ketone, gamma-butyrolactone, dimethylformamide and dimethylacetamide. 
It must be heated to 525 degrees Fahrenheit to melt flow the PVDF in addition to 
driving off solvents. In addition to being highly resistant to chemical attack, this 
polymer resists degradation due to ionizing radiation and has been used in 
Plutonium refining and waste treatment operations for over 25 years. At 50 percent 
PVDF by weight this liquid is relatively viscous. Filling efficiency is somewhat limited 
by the percent solids content of the solution. 

The infiltration of porous EC ceramics with polymer precursors that can be cured 
insitu offers the advantages of lower viscosity and higher filling efficiency because 
all the material introduced into the porosity of the ceramic is polymerized to a solid 
form. Examples of solid polymer-forming liquids that are polymer precursors include 
the family of epoxy vinyl ester resins produced by Dow Chemical Company. The 
polymers produced from these formulations are remarkably resistant to organic 
solvents as well as a spectrum of corrosives including strongly oxidizing inorganic 
acids. A formulation particularly well suited for use in an electrochemical electrode 
is a mixture of epoxy vinyl ester resin that is 36 percent by weight styrene monomer 
and an organic peroxide catalyst such as the peroxyketal 1,1-bis(T- 
butylperoxy)3,3,54rimethylcyclohexane produced by Atochem. Another such liquid 
form polymer precursor requires 100 parts dipolymer of vinylidiene fluoride and 
hexafluoropropylene to 30 parts of curing agent N,N'-dicinnamylidiene 1 r 6 hexane- 
diamine. Upon cure, this combination produces a chemically resistant 
fluoroelastomer. 

Because ceramics are refractory materials, the temperatures required in using 
molten thermoplastic impregnation do not pose a threat to the ceramic electrode. 
Even the lower temperature at which titanium suboxides are oxidized to titanium 
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Protection of FP. 0 i 0 ^ r ^ r ~ 

To form porous sintered ceramics, organic or carbon particles are typically mixed 
into a ceram,c powder. Porous cavities are formed within the ceramTc felT 

jmpregnation. ,t is also possible ,o modify the chemical performan^of , h tramic 
In certa,n environments, the porous nature of these ce-ni-s T 

under attack and the ab,My of corrosives to increase in concentration within the 
porous geomeuy. „ is no, necessary to complete* flu all accessible poT o 1 

-LZZTZZe^^. surf r of ,he ceramic article 10 f °™ a 

<*.. rcererence »s made to Figure 1 , a cross-sectional view of a slah nf 

fa™ 1 , T P ymer h3S ° een ir,fil,rated ,hrou 9" exterior surfaces 7 to 
forma polymer fl„ed region 3 surrounding a polymer free region 5 intend 71 

F;r 2 ?: iy h m : r impre9nation is " * **- «— y » 

ov^ressu " ' 9 C ° n ' ainin 9 a chemic ^ ™" B- at 

overpressure a pressure vessel 25 containing the porous ceramic article 3g and a 

2iZT 'Z a * — - -own vertical arrayed Z n 

lszsi pe 2 3 ; d c :r e TiT basin 37 " -* ~* 

withth ♦ « valve 29. High pressure vessel 9 is communicated 

w,.h the top of pressure vesse, 25 via pipe 13 . valve 1 1. and pipe branch 23 
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Vacuum pump 21 is communicated with the top of pressure vessel 25 via pipe 13 
and valve 19. Pressure relief of the system is provided by valve 17 connected to 
pipe branch 15. The porous ceramic article 39 is contained in basin 37. 

With basin 37 containing only the ceramic article 39, all valves are closed save valve 
19 and the vacuum pump 21 and heating element 35 are operated. This serves to 
evacuate the porosity of the ceramic 39 and drive off adsorbed impurities such as 
water contained by the ceramic. After sufficient impurity removal, heating is 
terminated and valve 19 is closed to maintain a vacuum in pressure vessel 25. 
Subsequent to sufficient cooling of ceramic article 39 and basin 37, valve 29 is 
opened to allow introduction of solid polymer-forming liquid 33 into basin 37 to 
surround ceramic article 39 as depicted in Figure 2b. After ceramic article 39 is 
sufficiently immersed in solid polymer-forming liquid 33, valve 29 is closed and valve 
1 1 is opened for a period of time sufficient to introduce the proper overpressure of 
chemically inert gas. The overpressure then drives the solid polymer-forming liquid 
into the porosity of ceramic article 39. At a time coincident with the desired amount 
of impregnation, the gas overpressure within pressure vessel 25 is relieved by 
opening valve 17. Ceramic article 39 is removed from pressure vessel 25 and 
placed in a processing chamber that causes curing in the case of a solid polymer- 
forming liquid 33 that is a polymer precursor or causes evaporation of solvent in the 
case of a solid polymer-forming liquid 33 that is a polymer dissolved in solvent. 
Curing of solid polymer-forming liquids is achieved by such means well known in 
prior art as use of heat, pressure, radiation exposure and combinations of these. 

Depending on the application, and impurity levels present in the ceramic article, the 
use of heating element 35 may be unnecessary. For applications in which solubility 
of the chemically inert gas in the solid polymer-forming liquid is significant a flexible 
diaphragm can be installed in pressure vessel 25 as shown in Figure 3. Vacuum 
pump 21 is now connected via pipe 41 to the volume 45 of pressure vessel 25 
contained under flexible diaphragm 43. Inert gas overpressure is introduced via 
pipe 13 to the volume 47 of pressure vessel 25 contained above flexible diaphragm 
43. Upon pressurization of volume 47, pressure is transferred to the solid polymer- 
forming liquid 33 via deformation of flexible diaphragm 43 while preventing gas 
transfer into solid polymer-forming liquid 33. 
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It may be desirable to polymer impregnate on.y selected regions of the ceramic 
art.de. To ach.eve this objective, those regions of the ceramic article that are to be 

th TIT 6 " VI? imPre9naled W,th 3 ' 0W ViSC0Sity ' —Polymer-forming mate * . 

e ons 17 7 , ThiS liQUid ^ ,,p0Ured,, int ° the Ceramic in ^sired 
reg.ons. After the low viscosity liquid is a.lowed to set. the remaining vo.ume of the 

ceram.c art.de ,s then impregnated with the polymer-forming liquid Two 
alternates exist for removal of the non-polymer-forming material The first 
approach requires the po.ymer-forming liquid to have a sufficiently large viscosity 
and surface tens.on that a solvent can be used to remove the non-polymer-forming 
matena l w,thout disturbing the polymer-forming liquid. In which case, he yZer 
fo m.ng l.qu.d ,s subsequently cured. The a,ternative approach is to cure the 
polymer-forming liquid with the non-polymer-forming materia, in place and then to 
use a so vent for removal of the non-polymer materia, from the ceramic For this 
approach, ,t is required that the non-polymer materia, withstand whatever curing 
procedure is used for the polymer-forming liquid. 

Impregnation of the ceramic bv a chemi ca i'y -sistan* -~'- mor 

, m a.. / .ws>,5,ia. ii purymer provioes a se>a tn 

l,Z Z7\ h S ' a,e ' P ° lymer mUS ' n °' CMt ,he e «°'<°' «*" o, the 

ceram,o electrode so as to allow electrical contact of the electrode with its 

ZTonT rf T ^ *** ^ aPPr ° aCh ,0 aChiSVin 8 ,his re ^remen, P-r to 

wls!r ri , P , ymCT Wi ' hin ' he CeramiC ' A S ' ab 51 of cera ™ impregnated 
w,th sol,d polymer-forming liquid is shown prior to polymerization or solvent 

17ZT k " qUid A S<,Uee9ee 53 ' S US6d to ,he of the ceramic 

after , hi T ' T *" ' iqUid ' ha ' C ° a ' S ,he S " rfaCe 63 Tha aurfa ~ "efore and 
after th,s process ,s depicted by magnified renditions of regions 57 and 55 

respectively Region 57 shows the liquid impregnate 61 fully coating the individual 
ceramic grams 59 and the exterior surface of the bulk ceramic. Region 55 depots 
removal of the surface coating of liquid. P 

sul^T " aUidS ^ *** UP ° n ^ can * ceramic 

Z T- ! P ym6r C ° a,in9 ' ThiS Wi " occur because the ^rface tension of the 

Anoth " T " qUid '° * re,raC,ed fr0m ,he ~»* ~*« "Pon curing 
Another approach to removal of a surface coating of liquid that can be used prior ,o 
formation of so„d po^mer in situ is that of solvent vapor blasting. This is a we,, 
known means of polishing plastics in which the gaseous phase of a solvent or 
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thinning agent is blown over the surface to remove excess material. Finally, 
subsequent to the formation of solid polymer in situ various mechanical means of 
exposing the ceramic that underlies the solid polymer coating can be used. This 
includes grinding, sanding, lapping and/or polishing. 

Numerous electrochemical applications exploit the use of porous electrodes to 
increase surface area for redox reactions. In many of these applications it is 
sufficient that the porosity of the electrode extends but a millimeter or so below the 
exterior electrode surface. Such a surface layer of porosity can be achieved 
subsequent to impregnation of the electrode with polymer-forming liquid by solvent 
washing of the electrode or as mentioned above, solvent vapor blasting. 

Certain catalytic coatings are applied to electrodes to improve redox reaction 
efficiencies and corrosion resistance. Among the examples typical of such coating 
materials are ruthenium dioxide, iridium dioxide and platinum iridium. The most 
popular techniques for application of these coatings to electrode substrates include 
spraying and electroplating. In the spraying technique, a mixture of metal chlorides 
and alcohol is sprayed onto the substrate and heated in the presence of oxygen. 
The electoplating method causes the deposition of small grains of the pure metal on 
the electrode that are subsequently oxidized at elevated temperature. The spraying 
method results in a "cracked mud" appearance of the coated electrode surface 
under microscopic examination - attributable to disconnected patches of oxide 
coating. The electoplating method can produce more uniform coating. This is 
especially true if pulsed electroplating is used due to the small metal grain sizes 
deposited. However, spraying or electroplating produce metal oxide coatings that 
do not fill all the surface pores of a porous ceramic substrate. For this reason, 
polymer impregnation of ceramic electrodes having catalytic and/or corrosion 
resistant coatings is of significant value. The oxidation temperatures required to 
form dioxides from metal precursor coatings are too high for polymers to withstand 
and therefore prohibit impregnation of the ceramic prior to the coating process. As a 
consequence, impregnation is performed subsequent to formation of the oxide 
coating and will require an extended duration or higher pressure to achieve 
infiltration given the reduced surface porosity. Figure 4b, depicts surface regions of 
a ceramic slab as in Figure 4a. but having a catalytic coating depicted by surface 
plaques 58. The catalytic coating is relatively mechanically durable and will 
withstand the processes outlined above for removal of surface polymer prior to 
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curing of the polymer. The polymer must no, be removed-.o a depth that win expose 
the ceramic underlying the catatytic coaling. This can be ensured by m Till 
examination of the etectrode surface at various intervals in the removaTp oLLTn 
order to calibrate the removal rate. process in 

A conductive ceramic electrode is made electrically functional by providing a 
connects between the ceramic electrode and a metallic conductor As depicted in 
F^ure 5a. this can be achieved prior to polymer impregnation of the cerate b 
vacuum brazing a meta, or metal alloy onto the surface 67 of the ceramic 6 

mtr eP0Siti ° n mSanS " US6d * «* P-n^TT^L in 
Figure 5a. the metal connect,on is placed to minimize the total electrode resistance 

h s case ,. runs along the tonges. dimension of the ceramic that wil, be mmeTsed 

ad n*T, T,'^ aC ' iVe emir0nmem """"« W " h *«• an 
ceramic , " * h 69 to ,ha ™<* «*P°*ted on the 

ZZ J T e an extended elec,rical connec,ion - A cas,abte 

the meta -ceramic connection on an impregnated electrode can be filled with solid 
polyrne i -formtng liquid prior to polymerization or evaporation of the iiguid An 

ptvXs : r eC,i0 " 3 ,he ™ OP ' aS,iC P °' ymer amUnd «» ~" • This 
P ovides a metal-ceramic connection that is encapsulated in solid polymer For the 

purpose of clanty, an exaggerated version of this concept is shown in Figure 5b A 

loin e, r° de ' ha ' lnC ' UdeS ~ '° 

potted tn a polymer form 75 with a portion 77 of the metal strip 71 available for 
connection to an external circuit. available for 

A method of metallic conductor attachment subsequent to polymer impregnation is 

IZtTT, adheSiVeS SUCh 35 SilVe '* d Mecha^ " ' S 

strengthening and chemical protection of this form of connection can be achieved bv 
laying up layers of fibrous polymer to surround the connection and then " 
impregnating this assembly with polymer. 

Solid EC ceramic electrodes can be protected from corrosive attack in the vicinity 
hg corrosive concerUrafion by coating of such electrodes. Figure 6a depicts a cell 

By *l US 0 ? th , EC f T e ' e0,rOdeS 83 imTO ' Sed in a " * te *°'** 89 
set p "hi ''Hi C ° nneC,i0nS 85 '° 3 V0 " a9e S0UrCe ' rolta 9e 9™** are 

electrodes Th ^ C °"~ tonfc a. the waterline surrounding the 

electrodes. This ,s depicted in the magnified view of an electrode 91 in Figure 6b 
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Ionic species depicted by small circles 101 are shown concentrating from the 
electrolyte 93 in the vicinity of the waterline 95 of the electrode. This concentration 
of corrosive species can be considerably higher than in the bulk of the fluid 
electrolyte 93 and can lead to chemical attack of unprotected EC ceramic surfaces. 
An embodiment of the present invention that addresses this phenomenon is the 
coating of the electrode 91 with a chemically resistant polymer 97 in the region of 
the electrode subject to such attack. Such coatings can be selectively applied in 
various geometries other than that shown to address the requirements of particular 
implementations. 
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Claims: I claim: 



1. A chemically-protected electrode system comprising: (a) an electrically 
conductive ceramic electrode, (b) a polymer protectant, and (c) an electrical 
connection, said electrically conducive ceramic electrode in electrical contact with 

T, T 0 , 0nneOHOn ' P °' ymer Pr ° ,eC,am COa,i "9 a < least * P°™°" of said 
electncally conduct™ ceramic electrode and said electrical connection said 

polymer protectant thereby providing a chemical barrier which prevents surface 

contac, of corrosive chemical species with said electrically conductive ceramic 

electrode and said electrical connection and which prevents the diffusion and 

electrom,gration of corrosive chemical species in said electrically conductive 

ceram,c electrode thereby preventing chemical degradation of said electrically 

conducive ceramic electrode and said electrical connection. 

2. A chemically-protected electrode system as recited in claim 1 wherein said 
electncally conductive ceramic electrode is largely nonporous and said polvmer 
protectant coats portions of said electrode that are exposed to elevated ' 

rrrir 5 of c ?T ive ionic species ^ -* aiec, " cai " ««*«*• «— * 

ell hT "° 3 S ° UrcS °' V °" age and P,aced in <~" •* 
electrolyte. sa,d elevated concentrations of corrosive ionic species occurring under 

^"!T? eleC,r ° miara,i0n wi,hin ,he «*"" o' "id electrolyte surrounding 
sa.d electncally conductive ceramic electrode. 

3 A chemically-protected electrode system as recited in claim 1 wherein said 
electncally conductive ceramic electrode has interconnected porosity at least 
pamally ,nf„,rated by said polymer protectant for the purpose of providing a 

wTh7nT b3 r r ,0 ^ di,,USi0n ^ elsc,romi 9 ra «°n °< oo-sive chemical species 
wtthin the otherw.se porous interior of said ceramic electrode. 

a s,nl el r r0de T' 6m ^ red,ed in ' daim ' Wh6rein SaW elec,rode « «>rmed from 
a single species electrically conductive ceramic. 

fn T !' e T 8 SyS ' em 33 red,ed daim 1 Wh9rein said *<*«'• is formed from 
an electncally conductive ceramic composite. 
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6. An electrode system as recited in claim 5 wherein said electrode is formed from 
a ceramic comprising Magneli phase suboxides of titanium. 

7. An electrode system as recited in claim 1 wherein said electrode is formed from 
an electrically conductive doped ceramic. 

8. An electrode system as recited in claim 1 wherein said polymer protectant is a 
polymer taken from the group comprising thermoplastics. 

9. An electrode system as recited in claim 1 wherein said polymer protectant is a 
polymer taken from the group comprising thermosetting resins. 

10. An electrode system as recited in claim 1 wherein said polymer protectant is a 
polymer taken from the group comprising elastomers. 

11. An electrode system as recited in claim 1 wherein said electrical connection is 
vacuum-brazed to said electrode. 

12. An electrode system as recited in claim 1 wherein said electrical connection is 
electroplated onto said electrode. 

13. An electrode system as recited in claim 1 wherein said electrical connection is 
achieved by electrically conductive adhesive means. 

14. An electrode system as recited in claim 1 wherein said electrical connection is 
encapsulated in a protective polymer coating. 

15. An electrode system as recited in claim 14 wherein said protective polymer 
coating is in contact with said polymer infiltrating said electrode so as to form an 
integral barrier seal encompassing the entire said electrode system. 

16. An electrode system as recited in claim 1 wherein said polymer is present in a 
layer which extends from the exterior surface of said electrically conductive ceramic 
electrode below said exterior surface of said electrically conductive ceramic 
electrode to form a barrier seal. 
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17. An electrode system as recited in claim 1 wherein said electrically conductive 
ceramic electrode is coated with a catalytic coating. 

18. An electrode system as recited in claim 17 wherein said catalytic coating 
comprises a coating selected from the group consisting of iridium dioxide, 
ruthenium dioxide, and platinum iridium. 

19. An electrode system as recited in claim 1 wherein said polymer is present in a 
barrier layer which excludes the exterior surface of said electrically conductive 
ceramic electrode thereby retaining the surface porosity of said electrically 
conductive ceramic electrode for increased surface area in redox reactions. 

20. An electrode system as recited in claim 19 wherein the porous surface of said 
electrically conductive ceramic electrode is coated with a catalytic coating. 

21. An electrode system as recited in claim 20 wherein said catalytic coating 
comprises a coating selected from the group consisting of iridium dioxide, 
ruthenium dioxide, and platinum iridium. 

22. An electrode system as recited in claim 1 wherein said electrical connection 
extends along the largest dimension of said electrically conductive ceramic 
electrode thereby minimizing ohmic losses in said electrode system 
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